and 1H6 markers (Figure 1 ). These markers define a 36 kb segment of chromosome 7.
DNA Sequencing of the 36 kb Segment and Identification of Transcribed Genes
A continuous 47,558 bp DNA sequence was assembled using sequences from a Dd2 chromosome 7 subsegment library and bridging PCR products where necessary (Figure 2) . Search of the 36 kb portion bounded by the C408 and C188 crossovers identified the open reading frames (ORFs) of eight potential genes having an initiating methionine codon followed by at least 100 additional codons (cg1, cg2, cg3, cg4, cg6, cg7, cg8, cg9) . Comparison of the predicted sequences of these ORFs against protein databases revealed homology of the cg4 ORF to a heat-shock protein (hsp110 family), of the cg3 ORF to Saccharomyces cerevisiae SCO1, and of the cg6 ORF to an S. cerevisiae thioredoxin-like sequence. No other significant homologies were detected in the remaining four sequences. A computer program designed to predict P. falciparum genes (Saul and Battistutta, 1988) showed typical codon usage and AT-rich flanking sequences for all ORFs except cg1, which lacks a typical AT-rich 5Ј flanking region and also possesses a region of highly atypical codon usage within its reading frame (resequencing of PCR products from this region discounted the possibility of a frame shift).
Transcription from the eight potential genes was investigated by RT-PCR analysis, RNA blot hybridizations, and screening of a Dd2 cDNA library (Creedon et al., 1994) free of genomic DNA contamination. These experiments demonstrated transcription in erythrocyte stage parasites of all genes except cg6. A 4 kb mRNA tran- ORFs. An ‫01ف‬ kb mRNA band was detected by probes Relative positions of the microsatellite markers are shown along the from the cg2 ORF. Transcription from all genes, deterchromosome line (arrows). Microsatellite inheritance patterns and mined by quantitative PCR experiments, was found to chloroquine responses (S, sensitive; R, resistant) are listed for progbe similar in the HB3 and Dd2 parasites (data not shown).
eny C408, C188, D43, polymorphisms that We also screened the Dd2 cDNA library with amplified detect chromosome crossovers are shaded (H, HB3 genotype; D, Dd2 genotype). The 36 kb segment containing the chloroquine resis-DNA fragments from the region between cg3 and cg9 tance determinant is bounded by the crossover sites between markto check for small transcribed genes not identified by ers 7A11 and 2H4 of the C408 clone and between markers 3E7 and the sequence analysis. No cDNA clones were detected 1H6 of the C188 clone. Restriction sites: C, ClaI; L, SalI; K, KpnI; M, that derived from this region.
BamHI; N, NcoI; V, PvuII. The gray bar indicates the approximate size and position of a previously described Dd2 variant antigen var cluster (Su et al., 1995) .
Gene Polymorphisms Linked to Chloroquine Resistance
As no major rearrangement in chromosome structure or identified five meiotic crossover events at different change in gene expression was found to account for points in the 400 kb segment among these progeny. The the resistance of Dd2 relative to HB3 parasites, we expositions of these crossovers in clones Ch3-116, D43, amined genes of the 36 kb segment for complex struc-C188, C408, and Ch3-61 are indicated in Figure 1 . tural changes consistent with the slow genesis and Chloroquine responses of the D43 and C408 progeny spread of chloroquine resistance. Comparison of the clones matched that of the CQR Dd2 parent, whereas different HB3 and Dd2 gene sequences showed a strikresponses of the Ch3-116, C188, and Ch3-61 clones ing collection of polymorphisms in the encoded amino matched that of the CQS HB3 parent. As for all other acids of the cg2 gene. Included in these polymorphisms progeny previously isolated, no intermediate or nonpawere variations in three repetitive sequences (, ␥, ), rental responses were observed that would implicate changes in the length of a central poly-Asn tract, and an additive or synergistic combination of two or more 12 individual point mutations affecting individual codons unlinked genes in resistance. Comparison of the reoutside the repetitive sequences ( Figure 3a) . The cg1 sponses against marker inheritance patterns showed ORF showed less complex polymorphisms between the that the locus controlling drug response lies between HB3 and Dd2 parasites, with four individual codon differences and variation in repeats (␣) near the middle of the the C408 and C188 crossover sites bounded by the 7A11 sequence (Figure 3b ). Polymorphisms in other genes regions containing genetically heterogeneous P. falciparum populations. Accordingly, we determined the were found to be comparatively limited or silent. The cg3 ORF showed a single codon difference between the chloroquine responses of parasite lines from different regions of Asia and Africa and surveyed their DNA poly-HB3 and Dd2 parasites. A silent nucleotide difference was detected in each of the cg6 and cg8 ORFs, and morphisms. Chloroquine responses of these parasites all showed one of two clearly distinguishable phenotwo silent nucleotide changes were detected in the cg7 ORF. The coding sequences of cg4 and cg9 in the HB3 types: either a verapamil-reversible chloroquine IC50 of 40-120 ng/ml or a verapamil-insensitive chloroquine IC50 and Dd2 parasites were found to be identical.
Previous work has shown that CQR parasites from of 2-9 ng/ml (Table 1 ). This clear discrimination of CQR and CQS forms by IC 50 response in the presence of South America and Southeast Asia have comparable levels of chloroquine resistance and verapamil reversal, verapamil is consistent with findings previously reported for P. falciparum strains from Asia, Africa, and South although historical data argue that CQR parasites on the two continents arose independently (Payne, 1987) .
America (Krogstad et al., 1992) . PCR amplification and direct sequencing were used We therefore determined the cg2 and cg1 sequences of a CQR parasite from South America. The cg2 allele to survey the collected parasites for polymorphisms in the cg8, cg4, cg3, cg1, cg6, cg2 , and cg7 sequences. of this parasite (7G8) exhibits a number of congruent as well as distinguishing polymorphisms that are in We focused this survey on parasites from Asia and East, South, and West Africa, as the parent Dd2 clone was agreement with the spread of chloroquine resistance from two independent foci (Figure 3a) . Outside the refrom Indochina, and the cg2 and cg1 sequence comparisons were in agreement with different foci of chloroquine peat regions, the 7G8 and Dd2 alleles of cg2 differ from the HB3 allele by identical changes in seven codons resistance in Southeast Asia and South America. Results showed a strong pattern of linkage disequilibrium and by the same poly-Asn stretch. Six additional codon changes not found in the Dd2 sequence also distinguish for cg1 and cg2 in the CQR parasites (Table 1) . Except for a single region of the Jcl isolate encompassing the the 7G8 from the HB3 allele. Within the repeat regions, the ␥ repeats of the 7G8 and Dd2 alleles differ from HB3 5Ј polymorphisms of cg2, all Asian and African CQR parasites were found to have identical cg1 and cg2 alby the same changes, whereas the 7G8 variations in the , , and repeats are unique from those in either HB3 leles, linking one or both sequences to the resistance mechanism of all parasite lines. This linkage is highor Dd2. By contrast, the polymorphisms in cg1 are relatively simple and show coincidence in the Asian and lighted by the exceptions that are apparent in the cg8, cg4, and cg7 polymorphisms flanking the cg1 and cg2 South American alleles only in a subset of the ␣ repeats ( Figure 3b ).
sequences (Jcl and KMWII parasites; Table 1 ). In contrast to CQR parasites, CQS parasites taken from the same geographic regions showed many differChloroquine Resistance and Linkage Disequilibrium of cg1 and cg2 Polymorphisms in Asian ent arrangements of polymorphisms in cg1 and cg2 (Table 1). Some cg1 and cg2 alleles in the CQS parasites and African Parasites P. falciparum in mosquitoes has an obligate sexual also showed additional polymorphisms not already detected between the HB3 and Dd2 parasites (data not phase that produces frequent genetic recombination among malaria parasites in areas of high transmission shown). A single CQS clone, Sudan 106/1, was found to con- (Bayoumi et al., 1993; Babiker et al., 1994) . A rigorous test of a true candidate gene is therefore its linkage to tain cg1 and cg2 polymorphisms of the CQR Dd2 parasite. DNA sequence of more than 20 kb from this clone, the spread of chloroquine resistance across malarious Diagrams above each alignment show the relative positions of the point amino acid differences (asterisks) and repeat regions in the deduced amino acid sequences from cg2 (a) and cg1 (b). Alignments include the sequences from three clones that have different geographical origins and drug responses: HB3 (Honduras, CQS), Dd2 (Indochina, CQR), and 7G8 (Brazil, CQR). Codon differences between the HB3 and Dd2 clones are numbered as in Table 1 ; other codon differences in the 7G8 sequence are shown in the alignments but not numbered or indicated by asterisks. Boxed residues mark potential transmembrane helices in the cg2 ORF that were identified by different search algorithms (Devereux et al., 1984; Engelman et al., 1986; Rost et al., 1996) . Chloroquine responses (ng/ml) were determined by microscopic and [ 3 H]hypoxanthine uptake assays (IC50, Cq). The response levels were reduced by the presence of 0.6 M verapamil only for CQR parasites (IC50, CqϩV). Although Bayoumi et al. (1993) listed a chloroquine IC 50 for the 106/1 clone that was 60% reversible by verapamil and relatively high for a CQS parasite, our assays with 106/1 samples showed no significant difference from the HB3 and 105/7 clones in chloroquine response. DNA polymorphisms are listed from left to right according to the gene order shown in Figure 2 . For the cg8, cg6, and cg7 open reading frames, silent nucleotide differences of the Dd2 or HB3 genotype are designated by d or h, respectively; a microsatellite polymorphism in the 5Ј flanking region of the cg4 gene is indicated by size corresponding to HB3 (h), Dd2 (d), or other variant (v) . Polymorphisms in the ␣, , ␥, and repeat regions of cg1 and cg2 are listed according to their unit number of repeats. Numbers in the poly-Asn column designate the length of the asparagine stretch encoded by cg2. Other point differences in the reading frames of cg3, cg1, and cg2 are indicated by the predicted amino acids. Some codon differences at additional positions in CQS lines, but not found to differ between HB3 and Dd2, are not listed in the table. Polymorphisms of the Dd2 type are shown in bold type; a dash indicates not determined. Parasites were obtained from geographically diverse stocks maintained at the National Institutes of Health (Dolan et al., 1993) or kindly provided by investigators listed in the Acknowledgments (Sixsmith et al., 1984; Krogstad et al., 1987; Freese et al., 1991; Bayoumi et al., 1993; Loureiro et al., 1996) . Available stocks of the ItG2F6 and FCB parasites lines have been previously shown to have gene sequence polymorphisms, pfmdr1 amplicons, and DNA fingerprints characteristic of an Asian origin (Robson et al., 1990; Triglia et al., 1991; Dolan et al., 1993). including the reading frames and flanking regions of kb away from the chloroquine resistance determinant on chromosome 7; Peterson et al., 1995) have been cg9, cg1, cg6, cg2, cg7, and cg4, did not identify any nucleotide that differed from the Dd2 sequence. Similar reported for some of these parasite lines (Liang and Sim, 1997) and also have a distribution independent of cg1 and cg2 transcript levels were found for the 106/1 and Dd2 parasites (data not shown).
chloroquine response.
We also used microsatellites from the mapping study Genetic polymorphisms outside the 36 kb segment were surveyed to confirm our assumptions underlying (Figure 1 ) to examine polymorphisms in six CQR parasites and three CQS parasites, including the 106/1 parathe linkage disequilibrium analysis. Table 2 lists polymorphisms in the collected parasite lines of the Pgh1-site with the sequence of the Dd2-resistant form. Within the segment harboring cg1 and cg2, polymorphisms of endcoding gene (pfmdr1) in chromosome 5 and of the dihydrofolate reductase-thymidylate synthase (dhfr/ts) the Dd2 type were found in 106/1 and all six CQR parasites, while those of the two other CQS parasites (105/7, gene in chromosome 4. As expected, codon changes in these genes are not linked to chloroquine response. HB3) were distinct (Table 3) . Outside this segment, the microsatellites of the CQR parasites showed variation: Polymorphisms in the eba175 gene (located 500-1,000 Because different cross-reactive bands of smaller size were also detected by these polyclonal antisera, we generated monoclonal antibodies from mice immunized with peptide CG2/B. Four resulting monoclonal antibodies showed recognition of a single Mr ‫000,033ف‬ band on immunoblots. In 4% polyacrylamide gels run for long Amino acid polymorphisms in the dhfr/ts and pfmdr1 genes are periods to improve separation of the high molecular those reported by Peterson et al. (1990) and Foote et al. (1990a, weight proteins, the band from HB3 parasites showed 1990b). Brackets mark CQR and CQS lines listed in Table 1 ; a dash reduced mobility relative to the band from Dd2 paraindicates not determined.
sites, in agreement with the larger size predicted by the repeats (Figure 4b ). These data indicate that the large M r band detected by the three different peptide antisera below the 2E10 marker on the chromosome map (Fig- and the monoclonal antibodies is indeed that of the ure 1; Table 3 ), microsatellites of the KMWII, FCB, and expressed gene product, CG2. 102/1 parasites were different from those of Dd2, and Immunofluorescence patterns from fixed erythrocyte above the 7A11 marker in the opposite flanking segment, stage parasites were similar with all three polyclonal distinct markers were evident in the V1/S, 102/1, and antisera (␣CG2/B, ␣CG2/D, ␣CG2/E) and with two mono-124/1 parasites. Of particular note is the 106/1 marker clonal antibodies chosen for further analysis (B11B5, profile, which shows no difference from the profile of B4D12). CG2 was first clearly detected from late ring the FCB parasite of Asian provenance (Table 1 legend). and early trophozoite stage parasites. Diffuse patterns of fluorescence were detected from the parasites within the erythrocytes, along with focal signals of stronger Immunolocalization of the CG2 Protein in Erythrocyte Stage Parasites intensity suggesting vesicular distributions of protein (data not shown). In mature schizonts, these vesicular To probe for protein products from the cg1 and cg2 ORFs, we generated mouse antisera against KLH-coupatterns were often pronounced, with concentrations of signal in some cases abutting or overlapping pigment pled peptides from different regions of the predicted amino acid sequences. The antisera were confirmed by of the parasite food vacuole. Subcellular localization of the CG2 was investigated enzyme-linked immunosorbent assay (ELISA) to contain antibodies against the appropriate unconjugated pepby immunoelectron microscopy. In sections of trophozoite-and early schizont-infected erythrocytes, gold tide. Antisera against the ␣ repeat region and two other regions of the cg1 sequence showed only nonspecific particles indicating the presence of CG2 were found at the periphery of the parasite where the plasma memstaining of both uninfected and infected red cells in indirect immunofluorescence assays (IFA) (data not brane (pm) and the surrounding parasitophorous vacuolar membrane (pvm) sandwich the parasitophorous vacshown).
In contrast to these cg1 results, expression of cg2 uolar space (Figure 5a ). The probed sections also showed gold particle clusters indicating concentrations was readily detected with antisera against three different peptides predicted from the ORF. Immunoblots probed of CG2 in vesicles or vacuole-like structures of the parasite cytoplasm (Figure 5b ). Parasites in later stages of with these antisera (␣CG2/B, ␣CG2/D, ␣CG2/E) all showed a high molecular weight protein band from both development showed clusters of gold particles colocalized with hemozoin crystals (Figure 5c ). In mature food CQR and CQS parasites (Figure 4a ). Although precise vacuoles, however, the gold particles often were present 1970s and subsequently swept across the continent. Today, CQR malaria is present in nearly all malarious regions except certain areas of the Middle East, Central missing. In contrast, diverse combinations of cg2 polymorphisms are present in CQS parasites from the correAmerica, and the Caribbean. This steady and inexorable march of chloroquine resistance from two foci is in consponding geographic regions, and polymorphisms in other genes such as dhfr/ts, pfmdr1, and eba175 show trast to the expansion of pyrimethamine-resistant P. falciparum strains, which contain simple point mutations in mixed distributions in both CQR and CQS parasites. Taken together, these results provide strong evidence dihydrofolate reductase-thymidylate synthase that have been selected many times (Peterson et al., 1988) . The that chloroquine resistance in Indochina arose with a particular set of mutations in the cg2 allele and subserare events of chloroquine resistance therefore suggest that the genesis of CQR P. falciparum was complex, quently spread across Asia and Africa. CQR parasites from South America show a cg2 allele requiring a special combination of multiple mutations.
In the HB3 ϫ Dd2 cross, chloroquine resistance maps different from the CQR and CQS isolates of Southeast Asia and Africa. Preliminary data indicate that a cg2 as a Mendelian trait to a 36 kb segment of chromosome 7 in the Dd2 P. falciparum clone from Southeast Asia.
allele (7G8 form; Figure 3 ) dominates across large regions of the Brazilian Amazon where CQR malaria preThis chromosome segment harbors a gene, cg2, that encodes a unique ‫033ف‬ kDa protein with complex polyvails today (unpublished data). While additional studies will be required to establish firmly the role of cg2 in morphisms expected of the chloroquine resistance genotype. Relative to the CQS parent HB3, these polymorthe chloroquine resistance of South American parasites, these findings are evidence that CQR parasites in the phisms include 12 individual codon changes, a length variation in a central poly-Asn tract, and modifications Western Hemisphere had an origin separate from the CQR strains of Southeast Asia and Africa. in the different sets of repeats. Our survey of parasites from distant regions of Southeast Asia and Africa shows Constitutive expression of the cg2 gene in both CQR and CQS parasites highlights the importance of structhat this complete set of Dd2 polymorphisms is uniformly linked to chloroquine resistance in all but one tural polymorphisms in the chloroquine resistance mechanism. In contrast to CQR parasites, CQS para-CQR parasite (Jcl), for which only the first three point codon changes and a nearby repeat polymorphism are sites from Asia and Africa have a variety of different cg2
alleles. Most of these alleles contain some but not all the peripheral membrane, where carrier-mediated uptake of chloroquine is thought to occur (Sanchez et al., of the polymorphisms found in CQR parasites and may have existed independently in geographically distant 1997). It is also found in association with hemozoin of the acid food vacuole, where chloroquine is thought to regions prior to the development of chloroquine resistance. The particular combination of polymorphisms in exert its toxicity (Sullivan et al., 1996) . The results further suggest that vesicular trafficking of CG2 occurs between the Dd2 cg2 gene may therefore have come together by recombination to form an exact structure necessary these locations. CG2 is therefore exactly where a protein involved in chloroquine resistance would be expected. for chloroquine resistance.
While the linkage and protein localization data provide While additional work will be required to define the precise function of CG2 in resistance, the spatial distribustrong evidence for a central role of cg2 in chloroquine resistance, additional determinants are likely to have tion already indicates that CG2 may affect transport processes and play a critical role by mitigating the action a complementary or permissive role in the resistance mechanism. One finding that supports this view is the or concentration of chloroquine within the food vacuole.
In parasites already resistant to chloroquine, deamplipresence of the cg2 allele that predicts resistance in a CQS isolate, the Sudan 106/1 clone. In this clone, the fication of the P. falciparum pfmdr1 gene paradoxically increases chloroquine IC50 values, whereas pfmdr1 amfull cg2 gene sequence, its expression, and localization of the CG2 product were found to be indistinguishable plification reduces chloroquine IC 50 values, though not to sensitive levels (Barnes et al., 1992; , from those in the Dd2 parasite. Extensive DNA sequence from the 36 kb segment and polymorphisms of the flank-1994). The pfmdr1 gene may thus have a secondary effect on chloroquine concentrations in the vesicles of ing microsatellite markers in chromosome 7 were also identical to those of the Dd2 parasite. These data indi-CQR parasites, a proposal that is supported by localization of the pfmdr1 product to the parasite food vacuole cate that the chloroquine sensitivity of the 106/1 clone cannot be ascribed to the chromosome segment mapped membrane (Cowman et al., 1991) . By contrast, the genetic linkage data and the cellular distribution of CG2 in the HB3 ϫ Dd2 cross. Another locus appears to be involved that resides elsewhere in the genome and is implicate a primary mechanism of resistance involving processes at the parasite periphery as well as the vesiessential to the mechanism of chloroquine resistance. The sensitive nature of 106/1 may involve an unusual cles responsible for trafficking and hemoglobin digestion. Indeed, an effect of CG2 on peripheral transport mutation or deletion at this other locus, as 106/1 is the only CQS parasite in our collection to have the cg2
properties may explain the findings that a chloroquine efflux phenotype (Krogstad et al., 1987 ; Wellems et al., sequence of a CQR parasite. Another finding that remains to be explained is the linkage disequilibrium of 1990) and chloroquine uptake kinetics sensitive to amiloride derivatives (Sanchez et al., 1997) are both linked the cg1 gene. The proximity of cg1 to cg2 (within 2 kb) may account for this disequilibrium. Nevertheless, we to chloroquine response in the HB3 ϫ Dd2 cross. The conservation of a single cg2 allele in CQR P. have not ruled out the possibility that cg1, perhaps in concert with cg2, could be involved in resistance. Invesfalciparum parasites from widely separated regions of Africa and Asia suggests that the resistance mechanism tigation of these issues should be feasible through a genetic cross involving the 106/1 clone and targeted depends on the particular binding properties of the encoded structure. A stereospecific interaction may exmodifications of the cg1 and cg2 sequences.
Various mechanisms for chloroquine resistance have plain why CQR parasites are susceptible to chloroquine derivatives having length variations of the N-alkyl side been proposed based on the findings that the concentration of chloroquine is decreased in CQR parasites chain Ridley et al., 1996) and to related quinoline ring compounds having different substituent relative to that in CQS parasites. Many of these proposals involve transporters that either affect chloroquine groups (Geary and Jensen, 1983; Hawley et al., 1996; Kotecka et al., 1997) . The identification of cg2 and its flux directly or alter ion conductance that secondarily affects chloroquine accumulation. These models incorproduct will permit tests of this binding hypothesis and functional dissection of the chloroquine resistance porate in different ways the finding that chloroquine resistance can be partially reversed by verapamil and mechanism. other calcium channel blockers (Martin et al., 1987; Peters et al., 1989) . In some models, reduced chloroquine Experimental Procedures uptake has been attributed to the altered activity of HB3 ؋ Dd2 Progeny Clones and DNA Preparations ion channels that determine Cl Ϫ transport or Na ϩ /H ϩ Progeny from the HB3 ϫ Dd2 cross were cloned directly from chimexchange at the cytoplasmic membrane (Martiney et panzee blood by limiting dilution into 96-well plates and detected Sanchez et al., 1997) , whereas others have by color changes in the overlying medium after 3-7 weeks (Kirkman proposed an altered proton pump at the food vacuole et al., 1996) . Once color change was observed in a well, 100 l of membrane itself (Ginsburg and Stein, 1991; Bray et al., the sample was taken for PCR assay, and the remaining sample was 1992b). Alternative models involve energy-dependent expanded in culture and cryopreserved in Glycerolyte 57 (Baxter/ Fenwal Division, Deerfield, IL). Samples for DNA analysis were cenexport of chloroquine by a transporter of the ABC castrifuged and resuspended in 150 l of phosphate-buffered saline sette or mdr type (Krogstad et al., 1987; Martin et al., (PBS) containing 0.05% saponin. After centrifugation again at 1987). Our searches of the cg2 ORF have not identified 3,000 ϫ g for 5 min and removal of the hemoglobin-containing homology with an ion channel or transporter favoring supernatant, the parasites were washed once with 150 l of PBS, one or another of these different models.
pelleted, resuspended in 100 l H2O, and heated for 10 min at 100ЊC.
Immunoelectron microscopy of intraerythrocytic par-
The samples were immediately tested or frozen at Ϫ20ЊC until further use.
asites shows that the CG2 protein is located near or at
Identification of Simple Sequence Repeats (SSRs)
anti-mouse IgG (Amersham International Plc., Amersham, UK) diluted 1:20 in PBS-Tween 20-BSA. The sections were washed with and Microsatellite Assays Plasmid clones were selected from libraries constructed from seg-PBS-Tween 20-BSA, fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), rinsed with distilled water, and finally counterments of P. falciparum Dd2 chromosome 7 (Wellems et al., 1991) . Inserts with polymorphic SSRs were radiolabeled and mapped to stained with 2% uranyl acetate and 1% lead citrate. Specificity of the reaction was confirmed by control experiments with a nonrelevant restriction fragments of genomic DNA. Sequences and amplification conditions are listed in detail in supplemental Table 4 , available on mouse MAb. the Internet (http://www.cell.com/cgi/content/full/91/5/593/T4).
